Abstract Hyperbranched polymers/montmorillonite clay modified with cetyl trimethyl ammonium bromide (MMT-CTAB) nanocomposites with polystyrene core were prepared by self-condensing vinyl polymerization via atom transfer radical polymerization of p-chloromethyl styrene monomer (CMS) alone or with styrene (St) and methyl methacrylate (MMA) monomers in the presence of MMT-CTAB acting as inimer with the double bond at one end and the alkyl-Cl unit at the other end. Three hyperbranched polymers/MMT-CTAB nanocomposites such as PCMS homopolymer/MMT-CTAB, PCMS-b-PSt copolymer/MMT-CTAB and PCMS-bPSt-b-PMMA terpolymer/MMT-CTAB were prepared. The prepared hyperbranched polymers/MMT-CTAB nanocomposites were characterized via X-ray diffraction, dynamic mechanical thermal analyses and transmission electron microscopy for further applications as dielectric materials. Accordingly, several parameters were measured including dielectric permittivity (e 0 ), A.C. conductivity (r) and loss tangent (tan d) in case of frequency and temperature ranging from 0.1 Hz to 100 kHz and 20-80°C, respectively.
Introduction
Nanocomposite dielectrics represent a new class of dielectric materials containing one phase at the nanometer scale [1] [2] [3] . Dielectric materials are characterized as poor conductors of electricity and efficient supporters of electrostatic fields which can be used as capacitors and in radio frequency transmission lines [4, 5] . Recently, a lot of researches have been carried out incorporating various nanoparticles into the existing dielectric systems resulting in nanocomposites with improved benefits over conventional filler systems [6] [7] [8] [9] [10] [11] . These improvements include electrical, mechanical and thermal enhancements [12, 13] . The main challenge facing the nanocomposite dielectrics is the homogenous dispersion of the nanofillers in the host matrix. Hence, fillers or clay particulates may be functionalized to make them organophilic and thus readily bond with the suitable host polymer matrix promoting intercalation/ exfoliation [14] [15] [16] where the most famous nanocomposites used in versatile industrial applications are the polymers/clay nanocomposites (PCN) [17] [18] [19] [20] . Generally, several preparative methods such as, in situ polymerization [21] , solvent intercalation [22] and polymer melt intercalation are known to obtain PCN [23, 24] .
Nowadays, several polymeric categories are involved in preparing PCN such as hyperbranched polymers. Hyperbranched polymers/clay nanocomposites appeared with good properties which can be used for further applications in food packaging, drug delivery, etc. Hyperbranched polymers (HBP) were defined as polymer systems containing a large number of branching points connected by relatively short chains in their molecular structures. Their structures are not uniform and the individual molecules can have different molecular weights and degrees of branching [25] [26] [27] [28] [29] [30] . Interest in the hyperbranched polymers is growing rapidly because of their unique physical, chemical properties and potential applications in various fields such as electrolytes [31] , coatings and drug delivery applications [32] . Hyperbranched polymers are prepared by several methods including self-condensing ring-opening polymerization (SCROP) and proton-transfer polymerization (PTP). [33, 34] .
Self-condensing vinyl polymerization (SCVP) via atom transfer radical polymerization (ATRP) was used as promising good technique to prepare well-defined hyperbranched polymers [35] . The used monomers in SCVP-ATRP are called inimers and act as initiators at the same time where they contain alkyl-halide end group in addition to the double bond [36] [37] [38] [39] [40] [41] [42] [43] . Generally, ATRP was discovered as a powerful strategy for tailoring controlled functional polymeric materials with tolerance over a wide range of monomers as well as solvents and initiating species [44] [45] [46] .
In the current publication, p-chloromethyl styrene (CMS) was used as inimer for self-condensing vinyl polymerization via ATRP or (SCVP-ATRP). CMS was homo-, co-and ter-polymerized alone or with styrene (St) and methyl methacrylate (MMA) via SCVP-ATRP in the presence of montmorillonite clay modified with cetyl trimethyl ammonium bromide (MMT-CTAB). Three types of hyperbranched polymers/MMT-CTAB clay nanocomposites such as PCMS/MMT-CTAB, PCMS-b-PSt/MMT-CTAB and PCMS-b-PSt-b-PMMA/MMT-CTAB were obtained. These hyperbranched polymers/MMT-CTAB clay nanocomposites were studied as dielectric materials where the presence of chlorine atom at one end and the double bond at the other end may affect the electronic and dipole polarization. Therefore, dielectric permittivity e 0 , A.C. conductivity (r) and loss tangent (tan d) were studied as dielectric parameters.
Experimental Materials
Montmorillonite (CEC = 88 meq/100 g) was received from Sigma-Aldrich chemical company (USA). Anhydrous tetrahydrofuran (THF), methanol, cetyl trimethyl ammonium bromide (CTAB), CuBr(I), ethylenediaminetetracetic acid (EDTA) and 2,2 0 -bipyridine (bpy) were supplied from PARK Scientific Limited Chemicals, Northampton (UK). Basic alumina column was provided from Fluka (USA). Triethylamine was of commercial grade from Sisco research laboratories (SRL) (India). All chemicals, otherwise mentioned, were used as received. Styrene (St), methyl methacrylate (MMA), and p-chloromethyl styrene (CMS) were supplied from Sigma-Aldrich chemical company (USA) and purified by filtration through an activated basic alumina column and then stored under argon in the fridge.
General preparative procedures
Organic modification of montmorillonite clay with cationic surfactant (CTAB) [47] The montmorillonite clay (MMT, 20 g) was dispersed in 500 ml distilled water containing certain amount of cetyl trimethyl ammonium bromide cationic surfactant (CTAB, 6 g, 0.0165 mol) at room temperature, and then the temperature was increased to 80°C under vigorous stirring for 6-8 h. The modified montmorillonite clay (MMT-CTAB) was separated by filtration and washed several times with distilled water where the filtrate was tested with AgNO 3 solution (1 g AgNO 3 in 100 ml distilled H 2 O) to obtain the modified clay without CTAB residuals. MMT-CTAB was dried under vacuum at 60°C for 24 h. Finally, the produced MMT-CTAB was grinded into fine powder.
Synthesis of hyperbranched polymers based on p-chloromethyl styrene (CMS)/ MMT-CTAB nanocomposites [36, 48] Self-condensing vinyl polymerization (SCVP) via ATRP of p-chloromethyl styrene (CMS) was carried out in situ in the presence of MMT-CTAB as in the following:
Homopolymerization of CMS To a round-bottom flask, 0.12 g of (4 % MMT-CTAB), 0.4685 g of bpy (0.07 mol; 3 % relative to CMS), 0.143 g of Cu(I)Br (0.02 mol; 1 % relative to CMS) were added and the flask was closed under stream of argon atmosphere where 14 mL toluene was added with continuous stirring of the resulting reaction mixture. Then, the reaction mixture was placed at thermostated oil bath at 110°C. Under argon atmosphere, 14 mL of the CMS monomer (2.3 mol) was finally injected into the reaction mixture. The solution color changed from red by adding CMS to green by heating within 15 min. After 2 h, the reaction was stopped and the sample of the hyperbranched polymer/MMT-CTAB nanocomposite in each case was dissolved in THF, precipitated in methanol, filtered and weighed to determine the conversion. For GPC and 1 HNMR measurements, the sample of any of the prepared hyperbranched polymer/MMT-CTAB clay nanocomposites was redissolved in THF and centrifuged where free polymer solution was separated, passed through alumina column, then precipitated in methanol, collected and dried. The other polymerization processes (i.e., co-and ter-polymerization) were carried out via the same synthetic process but with different quantities.
Copolymerization of styrene with CMS To the polymerization flask, 0.24 g of (4 % MMT-CTAB), 0.4685 g of bpy (0.07 mol) and 0.143 g of Cu(I)Br (0.02 mol) were added. The flask was closed under argon. Then, 6 mL of toluene was added. The first monomer, CMS (0.14 ml; 0.02 mol), was added and left for 2 h, then 5.7 ml (0.53 mol) of styrene was added as the second monomer. The polymerization reaction was carried out at 110°C with continuous stirring under argon atmosphere. The reaction was quenched by adding THF.
Terpolymerization with MMA To a reaction tube containing 0.36 g of (4 % MMT-CTAB), 0.937 g of bpy (0.146 mol) and 0.286 g of Cu (I)Br (0.04 mol) were successively added, then the tube was closed under argon. 11 mL of toluene was injected into the tube via syringe. The first monomer, CMS (0.28 ml; 0.046 mol), was added and left for 2 h. Then, 5.7 mL of St (0.539 mol) was added as the second monomer and left for other 2 h. The reaction was carried out at 110°C. Finally, 5.3 ml of MMA (0.496 mol) was added as a third monomer. After 24 h, the reaction was quenched by adding THF as previously described.
Characterization
Gel permeation chromatography (GPC) was used to determine number-average molecular weight (M nGPC ) and polydispersity (M w =M n ) of all the prepared polymers using Agilent-1100 GPC-technologies-Germany. The refractive index detector was G-1362 A with 100-10 4 -10 5 Å ultrastyragel columns connected in series using polystyrene (PS) as a standard and tetrahydrofuran (THF) as the eluent. The structures of the formed polymers were determined via proton nuclear magnetic resonance spectroscopy ( 1 H-NMR) which was carried out with Jeol-ECA 500 MHz, using tetramethylsilane (TMS) as internal standard and CDCl 3 as the main solvent.
X-ray diffraction (XRD) patterns were recorded via Philips X-ray diffractometer using monochromatic CuKa radiation of wavelength k = 1.5418 Å from a fixed source operated at 40 kV and 30 mA. The strongest constructive interference was calculated using Bragg's law:
where n is a positive integer, d is the basal spacing and k is the wavelength of incident wave.
Dynamic mechanical thermal analyses (DMTA) were carried out with a diffractometer (type PW 1390) by employing Ni-filtered CuK. A typical sample weight was about 8-10 mg and the analyses were performed at a heating rate of 10°C/min from 50 to 600°C under helium atmosphere. Transmission electron microscopy (TEM) was used to determine the morphology of the formed hyperbranched polymers/MMT-CTAB clay nanocomposites using TEM-JEOL JX 1230 with micro-analyzer electron probe and magnification up to 600 kx, giving a resolution down to 0.2 nm. The measurements were performed at an accelerating voltage of 100 kV. The dielectric measurements were performed using computerized LCR bridge (Hioki model 3522-50 Hi Tester). The dielectric constant e 0 for each investigated sample was studied as a function of frequency and temperature ranging from 0.1 Hz to 100 kHz and 20-80°C, respectively. The samples used in the dielectric measurements were in disc form, having 10 mm in diameter, 3 mm in thickness and were pressed using a pressure of 10 tons at room temperature. Then, silver paste was coated to form electrodes on both sides of the sintered ceramic specimens to ensure good contacting. The dielectric measurements were carried out by inserting the sample between two parallel plate conductors forming cell capacitor. Then, the whole arrangement was placed into noninductive furnace for heating the samples with constant rate. The rate of heating was adjusted using a digital temperature controller. The relative dielectric permittivity was calculated using the relations:
and
where e 0 is the permittivity, e 00 is the dielectric loss, tan d is the loss tangent, e o is the permittivity of free space (8.854 9 10 -12 Fm -1 ), C is the capacitance of the measured sample in Farad, d is the thickness of the sample in meter and A is the cross-sectional area of the electrode.
The A.C. resistivity of the prepared samples was estimated from the dielectric parameters. As long as the pure charge transport mechanism is the major contributor to the loss mechanism, the resistivity (q) can be calculated using the following relation:
where x = 2 p f, x is the angular frequency and f is the frequency of the applied electric field in Hertz.
where r is the A.C. conductivity, f is the operating frequency, d is the thickness of the samples, tan d is the dielectric loss, C is the capacitance and A is the area of the electrode.
Results and discussion
Homo-, co-and ter-hyperbranched polymers of p-chloromethyl styrene/MMT-CTAB nanocomposites were prepared (Scheme 1) by in situ self-condensing vinyl polymerization (SCVP) via ATRP. p-Chloromethyl styrene monomer (CMS) acts as inimer where it contains both the alkyl-Cl end group and the monomeric double bond [48] . In case of co-and ter-polymerization reactions, styrene (St) and methyl methacrylate (MMA), respectively, were added after complete consumption of the former monomer in each case where its traces were removed from the reaction by vacuum to guarantee the formation of controlled block CMS copolymers/MMT-CTAB nanocomposites. Accordingly, three hyperbranched polymers/MMT-CTAB nanocomposites were prepared such as PCMS/MMT-CTAB, PCMS-b-PSt/MMT-CTAB and PCMS-b-PSt-b-PMMA/MMT-CTAB which were characterized via XRD, DMTA and TEM. The hyperbranched polymers inside the nanocomposites were characterized via GPC and 1 HNMR. Therefore, the hyperbranched polymers were extracted by dissolving the hyperbranched polymers/MMT-CTAB nanocomposites in THF and passing the resulting solutions through alumina column, then precipitating and filtering the hyperbranched polymers. PCMS/MMT-CTAB was prepared in 60 % conversion after 2 h with M nth =M nGPC (g/mol) = 9157/11,906 with polydispersity = 1. The structures of the resulting polymers inside the nanocomposites were confirmed by 1 H-NMR (supplementary Figures 1-3 , Table 1 ). 1 HNMR of PCMS/ MMT-CTAB indicated two sets of signals, where the first set appeared at 4.6-5.9 ppm which was referred to the two methylene protons of the remaining double bond (supplementary 1). The methine proton should appear at 6.6 ppm but it was obscured by the signal from the aromatic protons. The second set of signals was referred to the methylene and the methane protons adjacent to the chlorine atoms appeared at 4.3-4.9 ppm. With respect to PCMS-b-PSt/MMT-CTAB, dense bands appeared at 6.2-7.5 ppm and were referred to the phenyl groups inside the skeleton of hyperbranched polymer (supplementary 2). On the other hand, the bands at 2-2.3 ppm were ascribed to (CH 2 ) adjacent to the phenyl group, while aliphatic CH 2 appeared at 1. Figure 1 shows XRD results for both pristine montmorillonite clay (MMT) and that after its modification with cetyl trimethyl ammonium bromide as cationic surfactant (MMT-CTAB). Firstly, a diffraction peak appeared at 2 theta value around 7.5 and basal spacing at 1.210 nm for MMT which shifted to lower 2 theta value of 5 with basal spacing value of 1.837 nm for MMT-CTAB which indicated noticeable expansion in the silicate layers. As shown in Fig. 2 , XRD revealed no distinguished peaks with respect to (a) PCMS/MMT-CTAB and (c) PCMS-b-PSt-b-PMMA/MMT-CTAB nanocomposites which indicated complete exfoliated structures for the resulting nanocomposites while an intercalated structure was observed for ((b), PCMS-b-PSt/ MMT-CTAB) nanocomposite. The exfoliated structure was attributed to the homogenous interaction between such modified clay and the formed hyperbranched polymers. The hyperbranched CMS polymers/MMT-CTAB nanocomposites were characterized by DMTA as shown in Fig. 3 where both PCMS/MMT-CTAB and PCMS-b-PSt/MMT-CTAB remained stable up to 200°C. Then, both samples began partial decomposition at 210 and 240°C, respectively, where gradual decomposition was observed in case of PCMS/MMT-CTAB at 290 up to 580°C with 48.93 % weight loss followed by 2.55 % weight loss recorded at 600°C, then complete decomposition of the sample occurred. For PCMS-b-PSt/MMT-CTAB, gradual 
Dielectric measurements of the hyperbranched polymers/MMT-CTAB nanocomposites
Figures 5 and 6 show the dielectric permittivity (e 0 ) and dissipation factor (tan d) for all the prepared samples as a function of frequency. All the measurements were studied in the temperature range from 20 to 80°C and frequency range from 0.1 Hz to 100 kHz for PCMS/MMT-CTAB, PCMS-b-PSt/MMT-CTAB, and PCMS-b-PStb-PMMA/MMT-CTAB nanocomposites. From the mentioned figures, it was noticed that (e 0 ) and dissipation factor (tan d) decreased gradually with increasing frequency range for all the prepared samples due to the reduction in polarizations caused by the dipolar groups. Therefore, for a heterogeneous system consisting of polymer matrix and filler nanocomposite, effective (e 0 ) and (tan d) were slowly reduced with the increase of frequency as properly took place in case of nanocomposites [49, 50] . In contrary, they increased by increasing the temperature due to more rapid thermal motion of dipolar polarization at elevated temperatures [51] . The elevating temperature increased the mobility of the cross-linked network in the hyperbranched nanocomposites and it became easier for the modifier ions to polarize in an electric field [52, 53] . Therefore, it was assumed that the modifier ions of the filler in the hyperbranched nanocomposites worked as electrical charge carriers and their influence appeared at high temperature, increasing the freedom of the movement of dipole molecular chains of the polymers [54, 55] . The behavior of (e 0 ) was explained as a normal behavior which obeyed the Debye model as previously reported by Zhang et al. [56] where the dipoles easily and regularly switched with changing field. The dielectric constant (e 0 ) values for (a) PCMS/MMT-CTAB and (b) PCMSb-PSt/MMT-CTAB nanocomposites gave higher values of e 0 at 80°C in comparison with the case of (c) PCMS-b-PSt-b-PMMA/MMT-CTAB which gave very low From Fig. 6 , it was noticed that tan d decreased with increasing frequency, and increased with raising temperature. The first behavior was attributed to the dipole polarization effect which tended to be zero as the frequency increased and thus loss factor tan d tended to very small values and depended only on electronic polarization [57] . At low temperature, tan d was minimum and as the temperature increased, the conduction losses increased, thus the dissipation factor (tan increased by several factors as the nonpolar structure of the hyperbranched polymers/MMT-CTAB nanocomposites and good intercalation of the hyperbranched polymers inside MMT-CTAB clay layers. This intercalation of polymers inside the clay interlayers was advantageous to the modifier ion transport in the interlayers. The alternative structure of the hyperbranched polymers containing styrene units might be also the expected reason for the increased dielectric conductivity due to the presence of phenyl rings which regularly alternated from side to side with respect to the polymer chain backbone [58] . The lower values of A.C. conductivity at lower temperatures were attributed to two reasons: (1) the few polymeric units which did not intercalate in the grain boundary of MMT-CTAB and the excessive polymer in the exterior of MMT-CTAB which caused a decrease in the A.C. conductivity at low temperature and (2) the number of charge carriers which had high relaxation time because of the high energy barrier at lower temperatures and might be less in number with low barrier at higher temperatures causing an increase in the A.C. conductivity [59, 60] . CTAB were higher at 80°C. This fact indicates that the polymeric interface can play a dominant role in the industrial electronic applications. Consequently, from all above, it was concluded that the newly prepared PCMS-b-PSt-b-PMMA/MMT-CTAB nanocomposite behaved as semiconductor material which was referred to its structure with excess phenyl rings. Therefore, PCMS-b-PSt-b-PMMA/MMT-CTAB can be used in the future for versatile electronic applications.
